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ABSTRACT 
The effect of a  high external potassium concentration  on the synthesis and depo- 
sition of matrix components by chondrocytes in cell culture was determined. There 
is  a  twofold  increase  in  the  amount of chondroitin  4-  and 6-sulfate accumulated 
by  chondrocytes  grown  in  medium  containing  a  high  potassium  concentration. 
There  is  also  a  comparable increase  in  the  production  of other  sulfated  glycos- 
aminoglycans  (GAG)  including  heparan  sulfate  and  uncharacterized  glycopro- 
tein components. The twofold greater accumulation of GAG in the high potassium 
medium is primarily the result of a  decrease in their rate of degradation.  In spite 
of this increased  accumulation  of GAG, the cells in high potassium fail to elabo- 
rate  appreciable quantities  Of visible matrix,  although  they do  retain  the  typical 
chondrocytic polygonal morphology. Although  most of the products are secreted 
into the culture  medium in the high potassium environment, the cell layer retains 
the  same  amount  of glycosaminoglycan as the  control  cultures.  The  inability  of 
chondrocytes  grown  in  high  potassium  to elaborate the  typical hyaline  cartilage 
matrix  is  not  a  consequence  of an  impairment  in  collagen  synthesis,  since there 
is no difference in the total amount of collagen synthesized by high potassium or 
control cultures. There is, however, a  slight increase in the proportion of collagen 
that is secreted into the medium by chondrocytes in high potassium. Synthesis of 
the  predominant  cartilage  matrix  molecules  is  not  sufficient  in  itself to  ensure 
that these molecules will be assembled into a  hyaline matrix. 
Cartilage  matrix  consists  predominantly  of pro- 
teoglycans and  collagen.  The in  vitro phenotypic 
expression of these macromolecules can be manip- 
ulated by altering the potassium concentration of 
the  culture  medium  in  which  cartilage  cells  are 
grown. 
It was recently demonstrated that in vitro chon- 
drogenic  differentiation  of embryonic  chick  so- 
mites can be profoundly affected by the potassium 
concentration of the culture medium (Lash,  1972; 
Lash  et  al.,  1973). There  is  a  striking  initial 
accumulation  of  chondroitin  sulfate  in  somites 
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concentration.  A  difficulty  in  studying  the  influ- 
ence of external ions on chondrogenic differentia- 
tion  in  the  somite  system  is  that  the  somite  is  a 
heterogeneous tissue,  containing presumptive car- 
tilage, muscle, dermis, and neural crest derivatives, 
and that  therefore,  that type of experiment lacks 
the convenience of a  homogeneous cell system. 
Manipulations  of  expression  by  specific  ionic 
influences can be more readily studied in a  homo- 
geneous  chondrocyte  cell  culture.  Using  chick 
sternal chondrocytes, we have shown that there is a 
lwofold  increase  in  the  amount  of chondroitin 4- 
and  6-sulfate  accumulated  in  the  medium  when 
chondrocytes  are  grown  in  a  high  potassium 
environment.  This  increase  is  primarily due  to  a 
decrease in the rate of sulfated glycosaminoglycan 
(GAG) degradation.  In spite of the increase in the 
amount of sulfated GAG accumulated, the cells in 
the  high  potassium  medium  fail  to  elaborate 
appreciable  quantities  of visible matrix.  Most  of 
the  products  synthesized  are  secreted  into  the 
culture  medium  in  the  high  potassium  environ- 
ment,  whereas  the  cell  layer  retains  the  same 
amount of GAG as the control cultures. 
MATERIALS  AND  METHODS 
Cell Culture and Media 
Chondrocytes were obtained by dissociation of 13-day 
White  Leghorn  embryonic  chick  sterna  as  previously 
described (Coon,  1966; Marzullo and  Lash,  1970). The 
freshly liberated chondrocytes were plated at an initial 
density of 1.5  ×  105 cells per  100-mm  plastic petri dish 
(19 cells/mm  2) containing 8 ml of medium. The control 
culture medium was Ham's F12X (Marzullo and Lash, 
1970),  which  is  Ham's  (1965)  F12  medium  containing 
twice  the  concentration  of  amino  acids  and  pyruvate 
(Grand  Island  Biological Company,  Grand  Island,  N. 
Y.). The medium was supplemented with  10% fetal calf 
serum  (Grand  Island  Biological  Company),  and  1% 
bovine  albumin  fraction  V  (Miles  Laboratories,  Inc., 
Kankakee, 111.). 
To  determine  the  effect  of  the  external  potassium 
concentration on chondrogenesis, a  modified F12X me- 
dium  was  prepared  in  which  all  of  the  sodium  salts 
(except sodium bicarbonate and sodium pyruvate) were 
replaced  with potassium  salts, giving a total potassium 
concentration  of  134.0  mM/l  (see  Appendix).  The 
potassium concentration of the "high K" culture medium 
used  in  the  experiments  was  68.4  mM/l,  which  was 
prepared by diluting the modified FI2X medium I:1 with 
F12X (control) medium. The potassium concentration of 
the FI2X (control) medium was 3.0 mM/l (see Appen- 
dix). After 24 h of growth in 3 mM K ÷ (F12X) medium, 
chondrocyte, were supplied with the 68.4 mM K ÷ (high 
K) medium  and were  fed daily  by replacing 0.5 of the 
medium with fresh medium. Cultures were maintained in 
a humid atmosphere of 95% air-5% CO2 for periods up to 
7 days, depending upon the experimental design. 
Analysis of Glycosaminoglycan Synthesis 
INCORPORATION  OF  PRECURSORS  INTO 
GLYCOSAMINOGLYCANS.  5  days  after  initial plat- 
ing,  the  cells were  exposed  to  fresh  media  containing 
either 5 ttCi/ml of Na23bSO4 (carrier-free, Amersham/ 
Searle Corp.,  Arlington Heights,  ILL), or  3 uCi/ml  of 
o-[l~C]glucosamine hydrochioride (4.8 mCi/mmol; New 
England Nuclear, Boston, Mass.). After 12 h of incuba- 
tion  in  the  presence  of  the  appropriate  isotope,  the 
medium  was  decanted  and  stored  at  -20°C  before 
analysis.  The  cells  were  scraped  from  the  dish  after 
several washes with  Simms' (1942) balanced salt solu- 
tion,  and  GAG were  extracted  by methods  previously 
described (Daniel et al.,  1973). 
CHARACTERIZATION  OF  [S~S]SULFATE-LA- 
BELED  GLYCOSAMINOGLYCANS:  The  relative 
amounts of chondroitin 4-sulfate, 4-sulfate, and derma- 
tan sulfate synthesized by cell cultures incubated in the 
presence of Na2s~SO4 were determined by the enzymatic 
method of Saito et al. (1968) using chondroitinase ABC 
and  AC  (Miles  Laboratories,  Inc.)  as  previously  de- 
scribed (Kosher and Searls,  1973). The relative amount 
of  [ssS]sulfate-labeled heparan  sulfate  and/or  heparin 
was determined as described by Kosher and Searls (1973) 
utilizing  nitrous  acid  degradation.  Nitrous  acid  will 
specifically  degrade  the  N-sulfated  GAG  beparan  sul- 
fate, and heparin (Lagunoffand Warren, 1962; Cifonelli, 
1968 a, b; Lindahl,  1970; Kraemer,  1971 a, b). 
CHARACTERIZATION  OF  [14C]GLUCOSAMINE- 
LABELED  GLYCOSAMINOGLYCANS:  The  amount 
of hyaluronic acid synthesized by cultures incubated with 
[14C]glucosamine  was determined by utilizing leech hya- 
luronidase  (hyaluronic  acid  ~/1,3 hydrolase;  Biotrics, 
Inc.,  Arlington,  Mass.),  an  enzyme  which  specifically 
degrades  hyaluronic  acid.  Aliquots  (100  jal)  of  the 
[~4C]glucosamine-labeled GAG samples were incubated 
for 4  h  at  37°C  with  25 ~g of leech hyaluronidase in 
standard  Mcllvaine's buffer.  The  final  volume  of  the 
reaction mixtures was 0.4 ml at a pH of 5.6. Additional 
enzyme (6 /~g) was  added  twice during the  incubation 
period  to  assure  complete  digestion.  Control  reaction 
mixtures  were  incubated  without enzyme.  After treat- 
ment,  reaction mixtures were placed in a  boiling water 
bath  for  3  min,  cooled,  and  supplied  with  250  ~tg  of 
carrier hyaluronic acid (Sigma Chemical Co., St. Louis, 
Mo.)  and  125  ~g  each  of  carrier  chondroitin  4-  and 
6-sulfate (Miles  Laboratories).  Undegraded  GAG was 
then  precipitated  by  the  addition  of  5  mg  of  cetyl- 
pyridinium  chloride  (CPC)  (Toole  and  Gross,  1971). 
After centrifugation, the  precipitates were  dissolved  in 
methanol  and  supplied  with  Bray's  scintillation  fluid 
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radioactivity  in  the  supernates  was  assayed  with  the 
scintillation  fluid  containing  15%  Bio-Solv.  In  this 
manner,  the  amount  of  leech  hyaluronidase-sensitive 
material  (material  soluble  in  CPC  after hyaluronidase 
treatment,  i.e.  hyaluronic acid) was compared with  the 
amount of leech hyaluronidase-resistant material (mate- 
rial  precipitable  with  CPC  after  hyaluronidase  treat- 
ment). These determinations were corrected for radioac- 
tivity, not CPC-precipitable,  before enzyme treatment, 
i.e. the amount of untreated material soluble  in CPC. 
The  amount  of  chondroitin  sulfate  synthesized  by 
cultures  incubated  with  [14C]glucosamine  was  deter- 
mined by the following procedure.  Aliquots (100 #1) of 
the [14C]glucosamine-labeled  GAG samples were treated 
with 0.2 units of chondroitinase ABC in "enriched" Tris 
buffer, pH 8.0 (Saito et al., 1968) for 3 h at 37°C, and the 
amount of radioactivity associated with chondroitinase- 
sensitive  and  resistant  material  was  determined  after 
precipitation with CPC. Since chondroitinase ABC will 
degrade  hyaluronic  acid  as well as the isomeric chon- 
droitin sulfates,  the amount of hyaluronic acid (i.e. leech 
hyaluronidase-sensitive  GAG), was subtracted from the 
amount  of chondroitinase-sensitive GAG to  determine 
the amount of radioactivity associated with chondroitin 
sulfate.  Data were corrected for the amount of radioac- 
tivity  not  precipitable  with  CPC  before enzyme treat- 
ment. 
Analysis of Collagen  Synthesis 
PREPARATION  OF  PROTEASE-FREE  COLLA- 
G  E N  AS  E :  Collagenase  free  of noncollagen  proteolytic 
activity  was  prepared  by  gel  filtration  of  partially 
purified  Worthington  collagenase  (code  no.  CLSPA) 
(Worthington  Biochemical Corp.,  Freehold, N. J.),  on 
Sephadex G-200  by a  modification of the procedure of 
Peterkofsky  and  Diegelmann  (1971),  as  described  by 
Daniel et al.  (1973). This purified collagenase failed  to 
degrade  any  [3H]tryptophane-labeled  protein,  and  was 
lyophilized  and stored at  -20°C for future use. 
DETERMINATION  OF  COLLAGEN  AND  NON- 
COLLAGEN PROTEIN: 5 days after initial plating, cells 
grown in either 3 #Ci/ml of [3H]glycine (8.6 Ci/mmol; 
New England Nuclear) or 3 jaCi/ml of [14C]proline (200 
mCi/mmol;  New  England  Nuclear).  After  12  h  of 
incubation  in  the  presence  of the  appropriate  isotope, 
total protein was extracted from the cell layers and media 
as  described  by  Peterkofsky  (1972)  and  Daniel  et  al. 
(1973). The amount of labeled  collagen and noncollagen 
protein was determined with the protease-free collagen- 
ase as described by Peterkofsky and  Diegelmann (1971) 
and Daniel et al. (1973). 
DETERMINATION  OF  CELL  GROWTH  RATE: 
Growth  rates were determined by removing cells daily, 
with 2.5% trypsin, from replicate cultures grown in FI2X 
and  high  K  medium.  Cell  counts  were  done  with  a 
hemacytometer. 
DNA DETERMINATION:  DNA was determined by 
the  Santoianni  and  Ayala  (1965)  modification  of the 
procedure  of Kissane  and  Robins  (1958),  except  that 
fluorescence was determined in 1 N HCI instead  of 0.6 N 
PCA (Hinegardner,  1972). 
RESULTS 
Morphology 
To give all cells an equal opportunity to adapt to 
the culture environment, all cultures were initiated 
in F12X medium (3.0 mM/1  K÷). After 24 h, half 
of  the  dishes  were  replaced  with  fresh  FI2X 
medium  and  half  were  replaced  with  medium 
containing  an  increased  potassium  concentration, 
68.4  mM/1  (the high K  medium). The expression 
of the differentiated phenotype of chondrocytes in 
cell  culture  is  typified  by  polygonal  morphology 
and  the  accumulation  of  alcian  blue  positive 
hyaline  matrix  (see  Coon,  1966;  Marzullo  and 
Lash,  1970).  During  the  first  2  days  of culture, 
there was no discernible difference between chon- 
drocytes grown in the two media. On the 2nd day, 
the polygonal cells in both types of cultures began 
accumulating a thin rim of matrix. By the 3rd day, 
the  cells  in  the  FI2X  (control)  medium  had 
perceptibly more hyaline matrix surrounding them 
(Fig.  I, insets). During subsequent days in culture, 
the  control  cells  continued  accumulating  matrix, 
whereas  most  of the  cells  in  the high  K  medium 
never accumulated more than a thin rim of matrix 
(Fig.  1).  By  the  6th  day,  when  the  biochemical 
studies  were  performed,  the  control  cells  had 
formed  clusters  of  chondrocytes  embedded  in 
matrix (Fig.  1 A). The cells in the high K medium, 
while  retaining  the  chondrocytic  polygonal  mor- 
phology, did not form clusters and did not accumu- 
late appreciable  quantities  of hyaline matrix (Fig. 
1 B). From the appearance of the living cells, there 
is the intimation that  the chondrocytes in the high 
K  medium are impaired in their ability to produce 
matrix components. An alternative explanation for 
the appearance of the cells in the high K medium is 
that  whereas  the  cells  can  manufacture  matrix 
components,  the coalescence of these components 
to form a  hyaline matrix is impaired. 
Growth Rate 
One of the initial questions to be answered  was 
whether  the  difference  in  the  morphology  and 
behavior of the cultures was related to any differ- 
ence  in  rates  of  proliferation.  Cells  that  were 
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FIGURE  1  Phase  micrographs showing the morphology 
of chondrocytes grown in F 12X (3.0 m  M / 1 K  ÷) and high 
K (68.4 mM/l K  ÷) medium. Fig. 1 A, FI2X (control) 
medium, 6th day of culture (inset 3rd day of culture). The 
chondrocytes are embedded in a considerable quantity of 
hyaline matrix.  Fig.  1 B,  high K medium, 6th day of 
culture (inset 3rd day of culture). The polygonal chon- 
drocytic morphology is retained, but the cells have not 
accumulated more than a thin rim of matrix. × 275. 
rapidly proliferating might not be able to accumu- 
late  matrix  components. That  is,  there  may  be 
expressed here some form of antagonism between 
proliferation and the expression of the differenti- 
ated  state.  Therefore,  the  growth  rate  of  cells 
cultured in F12X (control) or in high K  medium 
was  determined  by  doing  cell  counts  at  daily 
intervals. Duplicate counts were  made on each of 
three series of cultures. The data presented in Fig. 
2 indicate that the high K culture environment has 
no effect on the rate of cell division through the 6th 
day of culture. After the 6th day, cells grown in the 
high K medium entered a stationary growth phase 
as the monolayer of polygonal cells became conflu- 
ent.  Cells  in  the  F12X  (control)  medium  con- 
tinued  in  the  log  phase  for  another  day.  This 
1  2  3  4  5  6 
DAYS IN  CULTURE 
FIGURE 2  Growth rate  of  chondrocyte cultures  in 
FI2X and high K medium. Each point is the average of 
six determinations. 
difference  in  the  attainment  of  the  stationary 
growth phase appears to be due to the differences 
in the cellular configurations of the two types of 
cultures. Whereas the cells in the high K medium 
reach  a  monolayer  confluency, the  cells  in  the 
control medium form clusters of multilayer config- 
urations, delaying the onset of confluency. 
Glycosaminoglycan  Synthesis 
and Accumulation 
In order to examine the synthesis and accumula- 
tion of matrix components under the two culture 
conditions, biochemical analyses were performed. 
The  amounts of  sulfated  GAG  accumulated by 
cells grown in F12X (control) and cells grown in 
high K medium in a typical experiment are given in 
Table  1.  There  was  a  twofold  increase  in  the 
incorporation of [asS]sulfate  into sulfated GAG by 
cells grown in high K medium when compared to 
controls after a  12-h labeling period. This experi- 
ment has been repeated in duplicate six times, and 
the incorporation of [35S]sulfate into GAG by cells 
grown in high K medium ranged between 1.8 and 
2.3  times greater than the  incorporation by cells 
grown in F12X  medium. The  increase in sulfate 
incorporation continued through  the  culture  pe- 
riod,  but data  are  given only for  the  6th day of 
culture. 
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between  cell  layer  and  medium  indicated  that 
whereas the chondrocytes grown in high K medium 
retained as much GAG in the cell layer as those in 
FI2X,  they secreted  more  into  the  culture  media 
than control cells (Tables I and  II). Cells grown in  dpm/pg 
high K  medium secreted 81% of their [35S]sulfate-  Culture  Distribution  DNA*  high K/FI2X 
labeled  GAG  into  the  medium,  compared  to  the 
69% secreted by controls. Therefore, the cell layers  FI2X  total  75,533  2.0 
of  both  control  and  high  K  cultures  retained  celllayer  23,413  1.1 
medium  52,120  2.3  similar  amounts  of  GAG,  but  control  cells  pos- 
sessed considerably more hyaline matrix than cells  High K  total  147,439  -- 
grown in high K Medium (Fig.  1). The intracellular  cell layer  28,003  -- 
pS]sulfate-labeled  GAG  was  similar  for  both  medium  119,436  -- 
control and high K cultures, viz. 2-3% of the values 
given in Table  I. 
The analysis  of the types of [asS]sulfate-labeled 
GAG present in the cell layer and medium of F 12X 
and  high  K  cultures  indicated  that  both  types  of 
cultures  synthesized  chondroitin  4-sulfate,  chon- 
droitin  6-sulfate,  and  chondroitinase-resistant 
GAG  (Table  III).  Furthermore,  comparison  of 
radioactivity  in  4-  and  6-sulfated  disaccharides 
after chondroitinase  ABC and  AC treatment indi- 
cated that control and high K cultures synthesized 
the  various  sulfated  GAG  in  similar  relative 
amounts  (Table  III). The only notable differences 
were  that  the  cell  layer  of  high  K  cultures  con-  Culture  Cell layer*  Medium* 
tained  less  chondroitin  4-sulfate  and  more  chon- 
%  (%) 
droitinase-resistant  GAG than did the cell layer of 
FI2X cultures (Table  III). Approximately 60% of  F12X  31  69 
the  chondroitinase-resistant  GAG  produced  by  high K  19  81 
both  control  and  high  K  cultures  was sensitive to 
nitrous  acid,  and  is  therefore  heparan  sulfate 
TABLE  I 
Incorporation  of [35S]Sulfate into 
Glycosaminoglycans  by Chrondrocytes  Grown in 
F12X (3.0 mM/l K +) or in High K (68.4 mM/l K +) 
Medium 
* This  experiment  has  been  repeated  in  duplicate  six 
times, and the incorporation of [35S]sulfate into GAG by 
cells grown in high K medium ranged between  1.8 and 2.3 
times greater  than  the incorporation  by cells grown  in 
FI2X (control) medium. 
TABLE  i I 
Distribution  of [3sS]Sulfate-Labeled 
Glycosaminoglycans  Between the Cell Layer and 
Medium of Fl2X (3.0 mM/l K +) or in High K (68.4 
mM/l K +) Cultures 
* Each value is the average of 12 determinations. 
Standard deviation is ±  1-2 in each case. 
TABLE IIl 
Relative Amounts of the Various [3sS]Sulfate-Labeled  Glycosaminoglycans  ( GA G) Present in the Cell Layer and 
Medium of Chondrocytes  Grown in FI 2X (3.0 raM~1 K ÷) or in High K (68.4 mM / l K +) Medium as Determined 
by Chondroitinase  Analysis 
F 12X cultures  High K cultures 
Glycosaminoglycan  cell layer  medium  cell layer  medium 
%  %  %  % 
Chondroitin 4-sulfate*  53  56  40  50 
Chondroitin 6-sulfate~:  38  35  37  40 
Chondroitinase-resistant§  9  9  23  10 
* Determined  as  the  relative  amount  of  radioactivity  associated  with  4-sulfated  disaccharide  residues  after 
chondroitinase ABC and AC treatment. 
:~ Relative amount of radioactivity associated with 6-sulfated  disaccharide residues after chondroitinase ABC and AC 
treatment. 
§ [35S]sulfate-labeled  GAG which  is not degraded b~y chondroitinase ABC or AC. 
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droitinase-resistant, nitrous acid-resistant material 
has  not been characterized,  but is very probably 
keratan sulfate (see Shulman and Meyer, 1970) or 
sulfated  glycoprotein (see  Slomiany and  Meyer, 
1972). 
In  order  to  determine  whether  the  increased 
incorporation of [35S]sulfate  into glycosaminogly- 
cans by high  K  cultures represents synthesis and 
not just  sulfation  of  pre-existing molecules,  the 
incorporation  of  [~4C]glucosamine  into  sulfated 
GAG was determined. The data presented in Table 
IV is from a typical experiment and shows that the 
total incorporation of [14C]glucosamine  into GAG 
by  high  K  cultures  was  1.6  times  greater  than 
controls.  The  incorporation of  [l~C]glucosamine 
into chondroitin sulfates was i .6 times greater than 
controls,  and  the  incorporation  into  chondroiti- 
nase-resistant GAG  was  1.8  times  greater  than 
controls.  The  incorporation of  [~'C]glucosamine 
into GAG has been determined in duplicate four 
times,  and  the  incorporation by high  K  cultures 
ranged  between  1.5  and  1.9  times  greater  than 
controls. Therefore, cells grown in high K medium 
show  not only an increase in [3~S]sulfate incorpo- 
ration,  but  also  a  comparable  increase  in 
[14C]glucosamine  incorporation  into  sulfated 
GAG.  The  marked  increase  in  the  amount  of 
chondroitin sulfate in the high K culture medium 
was observed using [~'C]glucosamine as precursor 
(Table V). 
The amount of [~C]glucosamine-labeled hyalu- 
ronic acid present in the cell layer and medium of 
F12X  and  high  K  cultures was  determined with 
leech hyaluronidase. There is little difference in thl: 
total  amount  of  hyaluronic acid  synthesized  by 
control and high K cultures, or in the distribution 
of  [x'C]glucosamine-labeled hyaluronic acid  be- 
tween the cell layer and medium (Tables IV and 
V).  In  cultures  of  both  types,  the  amount  of 
hyaluronic acid synthesized relative to other GAG 
is quite small, i.e. 4-6% of the total [~'C]glucosa- 
mine incorporation (Table IV). The percentage of 
hyaluronic acid retained by the cell layer of both 
F12X and high K cultures is considerably greater 
(47%)  than  the  percentage  of  sulfated  GAG  re- 
tained by the cell layer of F12X (33%) and high K 
(19%) cultures (Table V). 
The amount of hyaluronic acid synthesized by 
[~'C]glucosamine-treated cultures was determined 
by  precipitation  of  undegraded  glycosaminogly- 
cans after treatment with leech  hyaluronidase. It 
was observed that whereas 98  100% of untreated 
or hyaluronidase-treated [ssS]sulfate-labeled GAG 
TABLE IV 
Incorporation of[~'C]Glucosamine into Various Glycosaminoglycans (GA G) by Chondrocytes Grown in FI2X 
(3.0 mM/l K +) or in High K (68.4 mM/l K +) Medium 
Glycosaminoglycan  Culture  dpm/~.g DNA*  percent of total  high K/FI2X 
Total [14C]glucosamine-labeled  GAG  F 12X  10,420  100  1.6 
high K  16,672  100 
Chondroitin sulfate:~  F 12X  6,366  61  1.6 
high K  9,920  60 
Chondroitinase-resistant§  F 12X  900  9  1.8 
high K  1,624  10 
Hyaluronic acid  [[  F 12X  634  6  1.1 
high K  710  4 
Glycoprotein  ¶  FI 2X  2,478  24  1.7 
high K  4,248  25 
* Total amount of [14C]glucosamine-labeled  GAG in the cell layer and medium. 
:~ Amount of [14C]glucosamine-labeled  material soluble in cetylpyridinium chloride (CPC) after chondroitinase ABC 
treatment. Since chondroitinase will degrade hyaluronic acid as well as the isomeric chondroitin sulfates, the amount 
of [14C]glucosamine-labeled  hyaluronic acid (i.e. leech hyaluronidase-sensitive  GAG), was subtracted from the total 
amount of chondroitinase-sensitive  GAG to obtain the incorporation into chondroitin sulfate. Data are also corrected 
for no enzyme control values, i.e. the amount of untreated material soluble in CPC. 
§ Amount [~4C]glucosamine-labeled  GAG precipitable with CPC after chondroitinase ABC treatment. 
I1 Amount of [~4C]glucosamine-labeled  GAG soluble in CPC after leech hyaluronidase treatment. Data corrected for 
no enzyme control values. 
¶ Amount~f untreated,.[t4C]glucosamine-labeled  material soluble in CPC. 
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Distribution of the Various [t*C]Glucosamine-Labeled Glycosaminoglycans ( GA G) Between the Cell Layer and 
Medium of Fl2X (3.0 mM/l K ÷) or in High K (68.4 mM/l K ÷) Cultures 
Cell layer  Medium 
Glycosaminoglycan  Culture  dpm/#g DNA  dpm/ttg DNA 
%  % 
Chrondroitin sulfate  F 12X  33  2, I  01  67  4,265 
high K  19  1,884  81  8,036 
Chondroitinase-resistant  F 12X  33  297  67  603 
high K  31  503  69  1,121 
Hyaluronic acid  F 12X  47  298  53  336 
high K  47  334  53  376 
Glycoprotein  F 12X  41  1,015  59  1,463 
high K  32  1,359  68  2,889 
was  precipitable  with  CPC,  only approximately 
75%  of  the  untreated  [~4C]glucosamine-labeled 
material from cultures of each type was precipita- 
ble.  In  other  words,  approximately  25%  of  the 
[l'C]glucosamine-labeled material  produced  by 
both FI2X (control) and high K cultures is nonsul- 
fated, protease resistant, TCA soluble, nondialyza- 
ble, and CPC soluble. This CPC-soluble material 
has not yet been completely characterized, but very 
probably represents the  polysaccharide chains of 
glycoproteins.  Preliminary  data  indicating  that 
this material contains glucosamine but not galac- 
tosamine and lacks uronic acid are consistent with 
this possiblity. Similar material from chondrocyte 
cultures  derived  from  limb  anlagen  has  been 
observed by Kvist (1973).  While there is almost a 
twofold  increase  in  the  amount  of  this 
[~4C]glucosamine-labeled  "glycoprotein"  pro- 
duced by cells grown in high K medium (Table IV), 
the  cell  layer  contains  approximately  the  same 
amount as  the  control cultures (Table V).  Cells 
grown  in  high  K  medium  secrete  more  of  this 
"glycoprotein" into the  culture medium than do 
controls (Table V). 
Degradation  of Sulfated  GA G 
Since it is possible that the increased accumula- 
tion of GAG by the high K cultures could result 
from a  decreased rate of degradation rather than 
an increased synthesis, the  rate of sulfated GAG 
degradation was determined. High K and control 
cells were cultured for 5 days and then transferred 
to  [35S]sulfate-containing medium for  12  h.  The 
radioactive medium was then transferred to  cul- 
ture  dishes  (without  cells),  and  the  remaining 
radioactive cells were  washed  with excess  SBSS. 
The high  K  and control cell layers were supplied 
with  nonradioactive medium  of  the  appropriate 
constitution. At time 0,  and at 6-h intervals, the 
amount of [35S]sulfate-labeled  GAG remaining in 
the  original radioactive medium, which  had been 
transferred to new culture dishes, was determined. 
At similar intervals, the amount of labeled GAG 
associated  with  the  prelabeled  cell  layers  (after 
transfer to nonradioactive medium) was also deter- 
mined. The total amount of labeled GAG remain- 
ing during the chase in nonradioactive medium was 
determined by adding the values for the cell layer 
plus the medium. 
The  rate  of  disappearance  (degradation)  of 
previously labeled GAG in the original medium of 
the two types of cultures is shown in Fig. 3.  It is 
evident that medium-associated GAG is degraded 
at a  slower rate (approximately twice as slow)  in 
the  high  K  environment. While only 38%  of the 
originally labeled GAG  remained in the  control 
medium  after  a  12-h chase,  70%  of the  labeled 
GAG remained in the high K medium (Fig. 3). 
The rate of disappearance of labeled GAG from 
the prelabeled cell layers is shown in Fig. 4. Note 
that the rate of degradation in the cell layers was 
followed between 6 and  18 h, rather than between 
time  0  and  12  h.  This  was  done  because  a 
considerable pool of TCA-soluble [asS]sulfate  re- 
mained  at  time  0,  despite  extensive rinsing, but 
then was rapidly used up, with only traces remain- 
ing after 6 h.  That this TCA-soluble [35S]sulfate 
pool  was  being utilized  for  synthesis during the 
first 6 h was indicated by the fact that the amount 
of [asS]sulfate-labeled GAG doubled between time 
0 and 6 h. After the pool of radioactive sulfate was 
used up, the rate of degradation for the next  12 h 
was much slower in the high K medium than in the 
control  medium  (Fig.  4).  Therefore,  the  two  to 
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FIGURE 3 
noglycan  remaining  in  control  (FI2X)  and  high  K 
medium after transfer of medium to new culture dishes in 
the absence of cells. See text for details of experiment. 
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FIGURE 4  Percentage  of labeled glycosaminoglycan  re- 
maining in prelabeled cell layers after chase in unlabeled 
medium. Values represent the total  amount of labeled 
GAG in the cell layer and medium of these cultures. See 
text for details of experiments. 
threefold greater accumulation of sulfated GAG in 
the high K medium is due primarily, if not solely, 
to  a  two-  to  threefold  decrease  in  the  rate  of 
degradation. 
Collagen Synthesis 
The  analysis  of  glycosaminoglycan  synthesis 
indicated  that  cells  grown  in  high  K  medium 
accumulated more GAG than control cells.  Since 
another major component of cartilage  matrix  is 
collagen, the synthesis of collagen and noncollagen 
protein was examined in cultures of each  type to 
determine  if  the  inability  of  high  K  cells  to 
elaborate a matrix could be related to an impair- 
ment of collagen synthesis. The data presented in 
Table VI  demonstrates that  there was  very little 
difference  in  the  total  amount  of  collagen  per 
DNA synthesized by control cells or cells grown in 
high  K  medium  using  either  [3H]glycine  or 
[l~C]proline  as  precursor.  Similarly,  there  was 
little  difference  in  the  total  amount  of collagen 
synthesis relative to noncollagen protein synthesis 
in either F12X (control) or high K cultures (Table 
VI).  There  was  however,  a  slight increase in the 
amount  of  collagen  that  was  secreted  into  the 
medium by high K cells. 
DISCUSSION 
The results of this investigation indicate that a high 
extracellular potassium concentration has several 
striking effects on the accumulation and deposition 
of  matrix  components  by  chondrocytes  in  cell 
culture. There is a twofold increase in the amount 
of  sulfated  GAG  accumulated  by  chondrocytes 
grown  in  medium  containing a  high  potassium 
concentration. This increased accumulation is due 
primarily to  a  decreased  rate  of degradation of 
sulfated GAG. The rate of degradation of sulfated 
GAG is twice as fast in control (FI2X) medium as 
that  in the  high  K  medium. Presumably, a  high 
extracellular potassium  concentration affects  the 
activity of enzymes involved in the degradation of 
sulfated GAG. It is apparent from our results that 
the  accumulation of  matrix  components can  be 
enhanced by the  inhibition of GAG degradation. 
This raises the interesting point of ionic influences 
on degradative enzyme activity. Although potas- 
sium has been shown to have marked effects upon 
membrane permeability and  secretion  (Douglas, 
1968), we are not aware of any published work on 
the effect  of potassium on degradative enzymes. It 
is  tempting  to  relate  these  potassium-related 
changes in sulfated GAG degradation with  some 
connective tissue  diseases  which  are  marked  by 
aberrant  degradation  patterns.  Some  mucopoly- 
saccharidoses  are  characterized  by  a  decreased 
degradation  of  GAG  (Fratantoni  et  al.,  1968; 
Neufeld and Cantz,  1971; Matalon and Dorfman, 
1972), and the disease osteoarthritis is character- 
ized  by  an  increased degradation  of these  mole- 
cules (Woessner,  1973; Sapolsky et al.,  1973; Ali 
and Evans,  1973). 
It  has  been  reported  that  fully  differentiated 
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Incorporation of [3H]Glycine and [~C]Proline into Collagen and Noncollagen Protein (•CP)  by Chondrocytes 
Grown in FI2X (3.0 mM/1 K +) or in High K (68.4 mM/l K +) Medium as Determined by Analysis with 
Protease-Free Collagenase 
Collagen*  Noncollagen protein~ Relative  collagen  Collagen  in 
Precursor  Culture  dpm/ug DNA  dpm//~g  DNA  synthesis§  cell layer 
% 
[3H]Glycine  F 12X  2,513  37,376  6.3  59 
high K  2,402  34,552  6.5  50 
[l~C]Proline  F 12X  675  11,598  5.5  62 
high K  640  10,788  5.6  51 
* Total amount of material in the cell layer and medium which is soluble in 5% TCA-0.25% tannic acid after treatment 
with protease-free collagenase. 
Total amount of material in the cell layer and medium which is precipitable with 5% TCA-0.25% tannic acid after 
treatment  with protease-free collagenase. The  amount  of  ['C]proline-labeled  noncollagen protein  (NCP)  was 
multiplied by 5.4, since collagen is 5.4 times more enriched in proline and hydroxyproline than an average protein (see 
Peterkofsky and Diegelmann, 1971). For the same reason, the amount of [3H]glycine  NCP was multiplied by 4.0. 
§ Calculated as follows: 
collagen (dpm//~g DNA)  × 100 
[NCP (dpm/~ug DNA) × F] + collagen (dpm/#g DNA) 
F  = 5.4 with [l~C]proline as precursor and 4.0 with [3H]glycine  as precursor. 
cartilage cells,  when cultured with various agents, 
will lose their typical chondrocytic phenotype, i.e. 
polygonal morphology  and  extracellular matrix. 
Agents such as embryo extract (Coon and Cahn, 
1966),  serum  (Marzullo  and  Lash,  1970), and 
5-bromodeoxyuridine (Abbott and Holtzer,  1968) 
promote  the  loss  of  both  of  these  specialized 
characteristics.  The  loss  of  chondrocytic pheno- 
type under the influence of BrdU  is accompanied 
by quantitative and qualitative alterations in gly- 
cosaminoglycan  and  collagen  synthesis  (Hol- 
thausen et al.,  1969; Schiltz et al.,  1973; Daniel et 
al.,  1973), and  the  loss  of phenotype in embryo 
serum-treated cells  is accompanied by the loss of 
metabolic intermediates necessary for the synthe- 
sis  of  glycosaminoglycans (Marzullo  and  Lash, 
1970).  The  lack  of  matrix  production  in  these 
instances  when  glycosaminoglycan and  collagen 
synthesis are impaired is not surprising, since the 
synthesis  of  both  of  these  classes  of  mac- 
romolecules is required for the formation of carti- 
lage matrix. 
The results of the present investigation indicate 
that  chondrocytes  grown  in  a  high  potassium 
environment fail to accumulate appreciable quan- 
tities of hyaline matrix despite the fact that they 
are  not  impaired  in  their  ability  to  synthesize 
glycosaminoglycans and  collagen.  High  K  and 
FI2X  cultures  synthesize  chondroitin  4-sulfate, 
chondroitin  6-sulfate,  chondroitinase-resistant 
GAG  (predominately  heparan  sulfate),  hyalu- 
ronic  acid,  and  glycoproteins in  similar relative 
amounts.  Although  most  of the  products  of the 
increased  accumulation are  found in the  culture 
medium  in  the  high  K  environment,  similar 
amounts  of  GAG  are  associated  with  the  cell 
layers  of both  high  K  and control cultures. The 
amount of this cell layer-associated mater'al which 
is  intracellular (2-3%) is the  same in cultures of 
each type.  Although the high K  and control cells 
have similar amounts of intracellular and extracel- 
lular sulfated GAG, the extracellular material in 
the  high  K  cultures is neither visually nor histo- 
chemically detectable  as  hyaline cartilage.  It  is 
possible that  visual and histological observations 
may be deceiving as a  result of the differences in 
the configurations in the two types of cell cultures. 
Control cells  form clusters with easily detectable 
hyaline matrix, whereas the high K cells remain as 
monolayers  throughout  the  culture  period.  The 
higher degree  of refractility of the  matrix in the 
clusters would give the appearance of more hyaline 
matrix. From our observations however, this is not 
the  case.  Even by the  3rd  day  of culture,  when 
high  K  and  control  cells  were  both  sparsely 
populated,  the  control cells were  contained in  a 
perceptibly more  prominent hyaline capsule (see 
insets, Fig.  1 A, B). Repeated visual observations 
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established  the  fact  that  the  control  cells  were 
encapsulated in  a  typical, refractile hyaline carti- 
lage matrix. The "matrix" of the high K cells was 
detected  neither  visually  nor  histochemically  as 
hyaline, but yet existed as demonstrated biochemi- 
caily.  Ultrastructural  studies  may  be  capable  of 
demonstrating the proteoglycan granules and thin, 
unbanded collagen fibrils which are detected bio- 
chemically (see  Minor,  1973).  The  conclusion  is 
that in the high K environment the matrix compo- 
nents are unable to coalesce into an extracellular 
hyaline matrix, or that a  normal matrix is needed 
for appropriate cell aggregation. This suggests that 
the  proper  extracellular  ionic  environment,  or 
unknown  factors  that  are  sensitive  to  the  ionic 
environment,  are  required  for  the  normal depo- 
sition  of  cartilage  matrix  components  into  the 
typical  hyaline  matrix;  and  that  the  synthe- 
sis  of  the  predominent  cartilage  matrix  mole- 
cules  is  not  sufficient  in  itself  to  ensure  that 
these  molecules will be assembled into  a  hyaline 
matrix. 
Since the extracellular sulfated GAG in the high 
K  environment is not constituted as hyaline carti- 
lage matrix,  its  localization must  be  considered. 
The observation that there can exist a considerable 
quantity  of extracellular GAG which  is not coa- 
lesced into a hyaline matrix is not unprecedented. 
For example, 15  25% of the sulfated GAG synthe- 
sized by normal and transformed 3T3 fibroblasts is 
cell associated, and is certainly not associated with 
a  hyaline  matrix  (Goggins  et  al.,  1972).  It  is 
possible that  this material is associated with  the 
cell  membrane.  Chondroitin  sulfate  has  been 
shown to be a constituent of cell surfaces (Suzuki 
et  al.,  1970;  Kojima and  Yamagata,  1971).  Kra- 
emer (1971  a,  b) has demonstrated that  heparan 
sulfate  is  also  a  constituent of the  surfaces of a 
wide variety of cells. In this respect, it is of interest 
that there is a considerable increase in the amount 
of heparan sulfate associated with the cell layer in 
the high K cultures. 
In  considering  the  reason  why  chondrocytes 
grown  in  a  high  potassium  environment  fail  to 
elaborate appreciable quantities of matrix, a num- 
ber  of  other  possibilities  must  be  taken  into 
account. The polysaccharide chains of the glycos- 
aminoglycans  (proteoglycans)  are  covalently 
bound  to  a  protein core. Although we have been 
unable  to detect any significant difference in  the 
types or relative amounts of the various glycosa- 
minoglycans synthesized by high K or control cul- 
tures, we cannot eliminate the possibility that the 
polysaccharide chains  of the glycosaminoglycans 
produced  by  high  K  cultures  are  attached  to  a 
different  protein  core  than  the  polysaccbaride 
chains of control cultures.  Possible differences in 
the  number  of polysaccharide chains attached to 
the protein core, or in the length of the polysaccha- 
ride chains, must also be taken into consideration. 
Similarly,  although  there  is  not  a  quantitative 
impairment  in  collagen  synthesis  in  the  high  K 
environment,  an  extensive qualitative analysis of 
collagen  synthesis  has  not  yet  been  undertaken. 
Chick cartilage contains a  unique type of collagen 
consisting of three al  type I1  chains (Miller and 
Matukas,  1969),  while the collagen of most verte- 
brate tissues, including dermis and bone, consists 
of two a I type 1 chains and one a2 chain (Miller et 
al.,  1967; Kang et al.,  1969).  Consideration must, 
therefore,  be  given  to  the  possibility that  chon- 
drocytes in high K  are impaired in their ability to 
synthesize cartilage-specific collagen. Preliminary 
evidence, however, indicates that  high  K  cultures 
produce predominantly al  collagen chains (Dan- 
iel, Kosher, and Lash, unpublished observations). 
Finally, other molecules which may be involved in 
the maintenance of proteoglycans and collagen in 
an  extracellular matrix  must  be considered.  For 
example,  it has been demonstrated by Hascali et 
al. (1969) that there exist in the matrix of bovine 
nasal cartilage glycoprotein link  molecules which 
maintain proteoglycan molecules in an aggregated 
complex. It will, therefore, be important to exam- 
ine the synthesis of these glycoprotein link mole- 
cules in high K  and control chondrocyte cultures. 
The mechanism by which a high extracellular K 
concentration  affects  sulfated glycosaminoglycan 
synthesis and matrix deposition, and the role of K 
in influencing the chondrocytic phenotype in vivo 
are  unknown.  It  is of interest that  Howell et  al. 
(1960)  have observed that the K concentration of 
the zone of hypertrophic (diaphyseal) cartilage at 
the  osteochondral junction  of costal  cartilage is 
three times greater than the K concentration of the 
proliferating  (epiphyseal)  and  resting  (articular) 
zones.  It  has  recently  been  observed  by  Kvist 
(1973) that the rate of chondroitin sulfate accumu- 
lation is much  greater in hypertrophic diaphyseal 
cartilage  than  in  either  epiphyseal  or  articular 
cartilage. An additional correlation between a high 
K  concentration and connective tissue synthesis is 
seen  in the  healing  of skin  wounds  in  humans. 
Shortly after injury the wound area shows a rise in 
K  concentration, the  result of cell lysis, which is 
852  THE JOURNAL OF  CELL  BIOLOGY  •  VOLUME  63,  1974 coincident  with  the  infiltration  of  synthetically 
active connective tissue elements (Leif Andersson, 
University of Helsinki, personal communication). 
Regardless of the mechanism of action of K, the 
results  of the  present  investigation establish that 
the accumulation of extracellular hyaline cartilage 
matrix and the synthesis of matrix components are 
not  necessarily  coupled.  Of  the  glycosaminogly- 
cans synthesized in the high K  environment, there 
is  a  disproportionate  increase  in  chondroitinase- 
resistant material (presumably heparan sulfate and 
keratosulfate), and an unidentified "glycoprotein". 
It is possible,  but speculative,  that this may be a 
factor in the inability of the high K cells to produce 
hyaline  matrix.  Thus,  the  full  expression  of  the 
chondrocytic  phenotype  requires  not  only  the 
synthesis of matrix  macromolecules,  but also  the 
coalescence of these macromolecules  into hyaline 
matrix. The synthesis of the predominant cartilage 
matrix molecules is not sufficient in itself to ensure 
that  a  normal  matrix  will  be  formed.  Manipula- 
tions of the chondrocytic phenotype by altering the 
K  concentration of the culture  medium  may pro- 
vide  a  tool  for  studying  the  control  mechanisms 
involved in  the  synthesis  and  deposition  of carti- 
lage matrix components. 
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APPENDIX 
Ingredients  of FI2X (3.0 mM/l K+), Mod(fied FI2X (134.0 mM/l K+), and High  K  (68.4 mM/l K ÷) Media 
FI2X  Modified FI2X 
component  mM/I  component  mM/1 
high K*  Constant ingredients  of all media:~ 
component  mM/1  component  mM/1 
NaCI  130.00  KCI  132.50  NaC1  65.00 
Na2H2PO,.7H20  1.00  K2HPO4  1.30  KCI  67.75 
KCI  3.00  Na2H~PO4.7H20  0.50 
K2HPO~  0.65 
CuSO~.5H20  1 ×  10 -~ 
ZnSO~.7H~O  3 ×  10 -3 
FeSO~.7H20  3 x  10 -a 
MgCI2.6H20  6 ×  10  1 
CaC12.2H~O  3 ×  10 -1 
Glucose  1 x  101 
NaHCO3  1.4  ×  101 
* Prepared by diluting the modified F12X  medium 1:1  with FI2X (control) medium. 
All media also contained twice the normal concentration of amino acids and pyruvate, and were supplemented with 
I0% fetal calf serum and  I% bovine albumin fraction V. 
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